Introduction {#s001}
============

B[reast cancer is one of]{.smallcaps} the most common malignancies and a major cause of cancer death among women worldwide, with an estimated 1 million women diagnosed annually. According to the American Cancer Society, nearly 230,000 new cases and 40,000 deaths occurred in the United States in 2011.^[@B1]^

Early and localized breast cancer can be successfully treated by surgery alone. However, there is a high mortality rate associated with breast cancer that is mainly due to a propensity of the tumor to metastasize even when the primary tumor is small or undetectable.^[@B2]^

Metastasis is a complex and multistage process in which secondary tumors form at distant sites.^[@B3]^ Typically, the development of metastasis involves several steps including migration and invasion of tumor cells within the primary site; intravasation into blood, lymphatic vessels, or both; survival and dissemination in the circulation; adherence to vascular endothelial cells at secondary sites; and extravasation, colonization, and population to form micro- to macro-metastatic foci. The migratory ability of the cancer cells is important for many of these steps, and therefore is relevantly correlated with tumor metastasis.^[@B4]^ Currently, new effective therapies are needed for the treatment of metastatic breast cancer.^[@B5],[@B6]^

Leptin is the peptide hormone product of the obesity gene.^[@B7]^ Leptin is a well-known factor involved in the regulation of body weight and body composition and is an important mediator of obesity.^[@B8]^ The circulating leptin acts as a regulator of food intake via hypothalamic-mediated effects.^[@B9]^ Since the circulating levels of leptin are elevated in obese individuals, and obesity has been shown to increase breast cancer risk in women, several studies have addressed the role of leptin in breast cancer.^[@B10]^

Remarkably, both leptin and its receptors are overexpressed in breast cancer, especially in high-grade tumors, including triple-negative cancers, and leptin acts as a mitogen/survival factor in breast cancer cells.^[@B11]--[@B16]^ In addition, leptin has been characterized as a potent agent inducing breast cancer cell migration and invasion.^[@B17],[@B18]^

Importantly, given the relevant role of leptin in breast cancer growth and metastasis, the leptin system has emerged as a new and promising therapeutic target for breast cancer.^[@B19]^ So far, novel strategies to counteract biological effects of this obesity-linked cytokine are warranted. Recently, we demonstrated that in MDA-MB-231 breast cancer cells, intracellular cAMP elevation completely abrogates both ERK1/2 and STAT3 phosphorylation in response to leptin. Very surprisingly, this provided evidence that when cAMP levels are increased, leptin drives cells towards apoptosis associated with a marked decrease of Bcl2 protein levels and accompanied by down-regulation of protein kinase A (PKA).^[@B20],[@B21]^

Despite their potent antiproliferative effects in many cancer cells, including breast cancer cells, agents that increase intracellular cAMP levels are not recommended to be used as anticancer drugs because of their high cytotoxicity.^[@B22]^

Surprisingly, we found a positive pharmacological interaction between leptin and cAMP-elevating compounds that allowed reducing the effective doses of the compounds *in vitro*, thus potentially decreasing their undesirable side effects *in vivo*.^[@B20],[@B23]^

The present study was designed to investigate the role of cAMP in leptin-associated motility of breast cancer cells. Intriguingly, we found that cAMP elevation, in addition to inhibiting proliferation, also inhibited migration of highly invasive MDA-MB-231 breast cancer cells in response to leptin. Importantly, we also report that expression of some relevant proteins involved in breast cancer metastasis are strongly inhibited by cAMP elevation and that both cAMP/PKA- and cAMP/Epac-dependent pathways are involved in inhibition of leptin-induced migration of MDA-MB-231 cells. The potential clinical significance and therapeutic applications of our data are also discussed.

Materials and Methods {#s002}
=====================

Materials {#s003}
---------

All cell culture materials were from Gibco--Life Technologies (Gaithersburg, MD). Human recombinant leptin, 8-Br-cAMP, cAMP analogue 8-pCPT-2′-O-Me-cAMP, forskolin, 3-isobutyl-1-methylxanthine (IBMX), KT5720, and H89 (PKA inhibitors) were purchased from Sigma (Sigma-Aldrich, St. Louis, MO). Anti-tubulin antibodies were obtained from Oncogene-Calbiochem (La Jolla, CA). Anti-p-ERK, anti-focal adhesion kinase (anti-FAK), and anti-p-FAK antibodies were obtained from Cell Signaling Technology (Danvers, MA). All other antibodies were obtained from Santa Cruz Biotechnology (San Diego, CA).

Cell culture and treatments {#s004}
---------------------------

The MDA-MB-231 human breast cancer cell line was obtained from the American Type Culture Collection (Rockville, MD). MDA-MB-231 cells were grown in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 2 mM glutamine, 100 U/mL penicillin, 100 mg/mL streptomycin, and 10% fetal bovine serum (FBS) and cultured at 37°C in a 5% CO~2~ humidified atmosphere. Typically, cells were split (8×10^5^/10-cm plate) and grown in 10% serum-containing medium. After 24 h, the medium was removed, cells were washed with phosphate-buffered saline (PBS) and cultured in low-serum (0.1%) fresh medium. After 36 h of serum starvation, cells were washed with PBS. Treated cells were exposed to cAMP-elevating agents and/or leptin in 0.1% serum-containing medium for the times indicated in *Results*; control cells were not treated. Leptin was prepared in HCl/NaOH solution according to preparation instructions by Sigma; 8-Br-cAMP was prepared in water; and forskolin and IBMX were prepared as stock solutions in DMSO and ethanol, respectively. Dilutions were made such that the final concentration of solvent(s) was kept below 0.1%, and control cells were treated with an equivalent volume of solvents.^[@B20],[@B21]^

*In vitro* wound-healing cell migration assay {#s005}
---------------------------------------------

Cell migration assays were performed as described previously.^[@B24]^ Typically, cells were split (5×10^5^ per 6-cm plate) and grown in 10% serum-containing medium. After 24 h, the medium was removed, and cells were washed with PBS and cultured in 10% serum fresh medium.

Approximately 36--48 h later, when cells were 95%--100% confluent, the medium was removed, and cells were washed with PBS and cultured in low-serum (0.1%) fresh medium. After 24 h of serum starvation, a gap was introduced into the monolayer cells by dragging a pipette tip across the cell surface. Medium and nonadherent cells were removed; cells were washed twice with PBS; and new 0.1% serum medium without (control) or with leptin, forskolin (or other cAMP elevating agents), or leptin plus forskolin was added. Cells were permitted to migrate into the area of clearing for up to 48 h. Wound closure was monitored by visual examination under microscope.

The phase contrast images of the wounds were recorded after 0, 10, 24, and 48 h, at the identical location of the initial image, and the wound closure was evaluated by measuring the width of the remaining wound. All experiments were performed at least three times.

Transwell migration assay {#s006}
-------------------------

Cell migration was also studied by seeding cells (1×10^5^) into polycarbonate membrane inserts (8-mm pore size) in 24-transwell cell culture dishes, and allowing them to migrate through the pores.

Cells were permitted to migrate for 10 h. After the incubation, stationary cells were removed from the upper surface of the membranes. The cells that had migrated to the lower surface were fixed and stained with 0.1% crystal violet. The number of stained cells was counted under an ocular microscope.

Cell proliferation assay {#s007}
------------------------

Cells were seeded in 96-multiwell plates at a density of 8×10^3^ cells/well and managed as described in *Cell culture and treatments*. Viable cells were determined by the 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) assay, as previously described.^[@B20],[@B21]^ Briefly, cells were treated with cAMP-elevating agents and/or leptin for up to 72 h (see figure legends). Before cells were harvested, 100 μL of MTT solution (5 mg/mL) was added to each well and incubated at 37°C for 3 h, then the formazan product was solubilized by the addition of 100 μL 0.04 N HCl isopropanol. The optical density of each sample was determined by measuring the absorbance at 570 nm versus 650 nm using an enzyme-linked immunosorbent assay reader (Molecular Device, Sunnyvale, CA). Cell proliferation assays were performed at least four times (in replicates of six wells for each data point in each experiment). Data are presented as means±standard deviation for a representative experiment.

Preparation of cell lysates {#s008}
---------------------------

Cell extracts were prepared as follows. Briefly, 3--5 volumes of RIPA buffer (PBS, 1% NP-40, 0.5% sodium deoxycholate, 0.1% SDS) containing 10 μg/mL aprotinin, leupeptin, and 1 mM phenylmethylsulfonyl fluoride were added to recovered cells. After incubation on ice for 1 h, samples were centrifuged at 18,000 *g* in an Eppendorf microcentrifuge for 15 min at 4°C, and the supernatant (SDS total extract) was recovered. Some aliquots were taken for protein quantification according to the Bradford method; others were diluted in 4× Laemmli buffer, boiled, and stored as samples for immunoblotting analysis.^[@B25]^

Immunodetection of proteins {#s009}
---------------------------

Typically, we employed 20--40 μg of total extracts for immunoblotting. Proteins from cell preparations were separated by SDS-PAGE and transferred onto nitrocellulose sheets (Schleicher & Schuell, Dassel, Germany) by a Mini Trans-Blot apparatus BioRad (Hercules, CA). II Goat anti-rabbit or anti-mouse antibodies, conjugated with horseradish peroxidase (BioRad), were used as a detection system (ECL) according to the manufacturer\'s instructions Amersham Biosciences (UK).^[@B26]^

Statistical analysis {#s010}
--------------------

Most of experiments were performed at least three times with replicate samples, except where otherwise indicated. Data are plotted as mean±SD (standard deviation). The means were compared using analysis of variance (ANOVA) plus Bonferroni\'s *t*-test, and *p* values of less than 0.05 were considered significant. National Institutes of Health (NIH) Image J 1.42Q (NIH, Bethesda, MD) software was used for densitometric analysis.

Results {#s011}
=======

cAMP elevation inhibits leptin-induced migration of MDA-MB-231 breast cancer cells {#s012}
----------------------------------------------------------------------------------

Recently, we showed that in MDA-MB-231 breast cancer cells, intracellular cAMP elevation completely abrogates both ERK1/2 and STAT3 activation in response to leptin. Very surprisingly, this provided evidence that when cAMP levels are increased, leptin drives cells towards apoptosis.^[@B20],[@B21]^ Because ERK1/2 and STAT3 activation has been described to also be involved in migration of MDA-MB-231 cells, we postulated that the leptin-induced migration of MDA-MB-231 cells may be antagonized by cAMP elevation.^[@B27],[@B28]^ To test this hypothesis, MDA-MB-231 cells were treated with leptin, forskolin (a potent stimulator of adenylate cyclase cAMP biosynthetic activity), or leptin plus forskolin for up to 48 h; control cells were untreated. The migration rate of the treated and untreated cells was measured by wound-healing assay and by transwell migration assay ([Fig. 1](#f1){ref-type="fig"}). In the qualitative *in vitro* wound-healing assay ([Fig. 1A](#f1){ref-type="fig"}), cells were grown to confluence. A wound was made in the middle of the culture plate with a pipette tip. Control cells covered the "wound" after 24--48 h. As expected, leptin increased cell migration, and in the culture plate treated with leptin, a large part of the "wound" was already covered by cells after 10--24 hours. According to previous data regarding the antimigratory effects of forskolin in breast cancer cells, 1 μM forskolin (a low dose) impressively inhibited both basal and, importantly, leptin-induced cell migration.^[@B29]^ Similar results were obtained with the other cAMP-elevating agents, such as phosphodiasterases inhibitor, IBMX, and cAMP analogue, 8-Br-cAMP (data not shown), suggesting that cAMP elevation overcomes the strong promigratory potential by leptin on breast cancer cells. These results were confirmed with the quantitative transwell migration assay ([Fig. 1B](#f1){ref-type="fig"}).

![Effects of leptin, forskolin, and leptin plus forskolin on MDA-MB-231 cell migration and proliferation. **(A)** Cell migration was determined by wound-healing assay. MDA-MB-231 cells were untreated (Ctr) or treated with 40 nM leptin (Lep), 1 μM forskolin (Forsk), or 40 nM leptin plus 1 μM forskolin (Forsk+Lep). The phase contrast images of the wounds were recorded after 0, 10, and 24 h, at the identical location of the initial image. The images are representative of at least four different experiments with similar results. **(B)** The cell migration was assessed by the transwell migration assay in untreated MDA-MB-231 cells and cells treated with 40 nM leptin, 1 μM forskolin, or 40 nM leptin plus 1 μM forskolin for 24 h. **(C)** MDA-MB-231 cells were untreated or treated with 40 nM leptin, 1 μM forskolin, or 40 nM leptin plus 1 μM forskolin for 10 and 24 h and then cell proliferation was measured by 3-\[4,5-dimethylthiazol-2-yl\]-2,5-diphenyltetrazolium bromide (MTT) assay. Data represent the means and SD of three independent experiments. \**p*\<0.01 vs. control untreated cells.](fig-1){#f1}

We do know that leptin and cAMP-elevating agents have positive and negative effects on proliferation of MDA-MB-231 cells, respectively.

To exclude possible cell proliferation effects in the calculation of the number of cells that migrated, MTT assays were performed after 10 and 24 h of treatment without (control) or with leptin, forskolin, and leptin plus forskolin. [Figure 1C](#f1){ref-type="fig"} shows that after 10 h cell proliferation was not yet affected by treatments, whereas cell migration was significantly affected ([Fig. 1A,B](#f1){ref-type="fig"}).

cAMP elevation down-regulates β3 integrin and FAK {#s013}
-------------------------------------------------

Integrins, which regulate cell--extracellular matrix adhesions, are known to play an important role in regulating the malignant phenotype and growth of cancer cells, including breast cancer cells.^[@B30]^

FAK is a cytoplasmic tyrosine kinase that colocalizes with integrins in focal adhesions. The binding of extracellular matrix ligands to integrins triggers autophosphorylation at Tyr-397 and activation of FAK. FAK serves a scaffolding function for protein--protein interactions, phosphorylates multiple substrates, and regulates cross-talk between integrin and growth factor signaling to regulate cell proliferation, survival, and migration. It has been suggested that FAK may play a significant role in tumor formation and metastasis, including in breast cancer.^[@B31],[@B32]^

To investigate a possible involvement of integrins and FAK in inhibitory effect of cAMP elevation on leptin-induced migration of MDA-MB-231 cells, the expression of some integrin subunits and of FAK was examined ([Fig. 2](#f2){ref-type="fig"}). To do this, MDA-MB-231 cells were left untreated or treated with leptin, forskolin, or leptin plus forskolin for 24 h ([Fig. 2A](#f2){ref-type="fig"}). Then, cells were collected by scraping, total cell extracts in SDS-containing buffer were prepared, and protein levels of some integrin subunits and FAK (along with its phosphorylation status) were monitored by Western blotting analysis. Interestingly, we found that β3 integrin subunit was strongly decreased upon forskolin treatment, even in presence of leptin ([Fig. 2A](#f2){ref-type="fig"}). β1 Integrin subunit protein levels also appear decreased mainly in response to leptin plus forskolin treatment. [Figure 2A](#f2){ref-type="fig"} also shows that exposure of cells to forskolin resulted in a dramatic decrease of FAK phosphorylation level compared to control and/or leptin-treated ones, and also a clear decrease of total amount of FAK protein could be seen in response to forskolin. Notably, the inhibition of FAK phosphorylation by forskolin is already evident after 2 h of treatment and maintained up to 24 h ([Fig. 2B](#f2){ref-type="fig"}).

![Effects of leptin, forskolin, and leptin plus forskolin on some integrin subunits and focal adhesion kinase (FAK) protein and phosphorylation levels. MDA-MB-231 cells were untreated or treated with 40 nM leptin, 1 μM forskolin, or 40 nM leptin plus 1 μM forskolin for 24 h **(A)** and during a time course from 1 h up to 24 h **(B)**. Forty micrograms of cell extracts was subjected to SDS-PAGE and blotted with antibodies against the indicated proteins. The images are representative of three different experiments with similar results. Graphs showing the densitometric intensity of bands ratio are shown. The intensities of signals were expressed as arbitrary units. \**p*\<0.05 vs. control untreated cells.](fig-2){#f2}

cAMP elevation relevantly affects PKA subunits and ERK1/2 and STAT3 protein and phosphorylation levels {#s014}
------------------------------------------------------------------------------------------------------

Previously, we found that exposure of MDA-MB-231 cells to leptin resulted in a strong phosphorylation of both ERK1/2 and STAT3 that was detectable at 30 min, maintained until 4 h, and declined to basal levels at 24 h.^[@B20]^

More recently, we found that exposure of MDA-MB-231 cells to leptin plus forskolin for 3 h resulted in a dramatic decrease of ERK1/2 and STAT3 phosphorylation compared to leptin alone. In other terms leptin lacks the ability to trigger ERK1/2 and STAT3 activation at early times in the presence of forskolin.^[@B21]^

Here we further investigate the forskolin/leptin-induced effects on ERK1/2 and STAT3 signaling for longer times and in experimental condition used for *in vitro* wound-healing cell migration assay (see [Materials and Methods](#s002){ref-type="sec"}).

To this purpose, confluent cells were serum starved (0.1% serum) for 24 h, after which numerous gaps (to enrich the population of cells committed to migrate) were introduced into the monolayer cells by dragging a pipette tip across the cell surface. Medium and nonadherent cells were removed, cells were washed twice with PBS, and new 0.1% serum medium without (control) or with leptin, forskolin, or leptin plus forskolin was added; then cells were cultured for up to 24 h.

Afterward, Western blotting was applied to examine the protein and phosphorylation levels of ERK1/2 and STAT3. As shown in [Figure 3A--C](#f3){ref-type="fig"}, we found that exposure of cells to forskolin inhibited the leptin-induced phosphorylation of ERK1/2 in a strong and prolonged manner for up to 24 h, without obvious changes in total protein amount. Intriguingly, [Figure 3A--C](#f3){ref-type="fig"} also shows that exposure of MDA-MB-231 cells to forskolin resulted in an initial inhibition of phosphorylation of STAT3 in response to leptin (up to 10 h of treatment), and then in a decrease of STAT3 protein abundance with an increase of its phosphorylation as a late effect at 24 h of treatment.

![Effects of leptin, forskolin, and leptin plus forskolin on ERK1/2 and STAT3 activation and on protein levels of the protein kinase A (PKA) subunits. MDA-MB-231 cells were untreated or treated with 40 nM leptin, 1 μM forskolin, or 40 nM leptin plus 1 μM forskolin for 3 **(A)**, 10 **(B)**, and 24 h **(C)** and for 24 h alone **(D)**. Forty micrograms of cell extracts was subjected to SDS-PAGE and blotted with antibodies against the indicated proteins. The image is representative of three different experiments with similar results. Graphs showing the densitometric intensity of bands ratio are shown. The intensities of signals were expressed as arbitrary units. \**p*\<0.05 vs. control untreated cells.](fig-3){#f3}

cAMP-dependent PKA is known to play an important role in cell migration, including that of breast cancer cells.^[@B33]--[@B36]^

Recently, we have provided evidence that the inhibition of leptin-induced proliferation upon cAMP elevation is followed by a strong lowering of protein levels of both regulatory RIα and catalytic subunits of PKA, and by a consistent reduction in CREB phosphorylation.^[@B21]^

To explore the possible involvement of PKA in the inhibition by cAMP elevation of leptin-induced migration, we first studied the protein levels of PKA subunits by Western blotting in cells treated or not with leptin, forskolin, or leptin plus forskolin for 24 h from plates managed as described earlier (see In vitro *wound-healing cell migration assay*). According to our previous results, [Figure 3D](#f3){ref-type="fig"} shows that combined leptin plus forskolin treatments resulted in a strong reduction of RIα protein levels, whereas RIIβ levels appeared unchanged. PKA catalytic subunits were significantly lower too, with a consistent CREB phosphorylation decrease, suggesting that PKA might have a promigratory role in MDA-MB-231 cells.

cAMP/PKA- and cAMP/Epac-dependent pathways are both involved in inhibition by cAMP elevation of leptin-induced migration of MDA-MB-231 cells {#s015}
--------------------------------------------------------------------------------------------------------------------------------------------

To further investigate the cAMP-dependent molecular mechanisms underlying the cAMP inhibition of leptin-induced migration of MDA-MB-231 cells, we used the KT5720 compound, which is a cell-permeable, selective, and potent PKA inhibitor.^[@B37]^ We tested its effects on migration of MDA-MB-231 cells in response to leptin, forskolin, and forskolin plus leptin in both wound-healing and transwell migration assays, and we found that KT5720 antagonized, although not completely, the inhibition by forskolin of leptin-induced migration ([Fig. 4A](#f4){ref-type="fig"}), whereas it completely prevented the antiproliferative action by cAMP elevation ([Fig. 4B](#f4){ref-type="fig"}). Similar results were obtained by using H89 PKA inhibitor (data not shown). In addition, we included in these experiments a cAMP analogue that specifically activates Epac and not PKA.^[@B38],[@B39]^ Notably, and similar to the cAMP elevating agent forskolin, the Epac activator also has an inhibitory effect, although to a different extent, on leptin-induced cell migration ([Fig. 4A](#f4){ref-type="fig"}).

![Effects of PKA inhibition and Epac activation on cAMP-dependent inhibition of leptin-induced cell migration. MDA-MB-231 cells were untreated or treated with 40 nM leptin, 1 μM forskolin, 50 μM 8-pCPT-Me-cAMP (cAMP analogue, Epac stimulator), 40 nM leptin plus 1 μM forskolin, or 40 nM leptin plus 50 μM 8-pCPT-Me-cAMP for 24 h in the presence or absence of 10 μm PKA inhibitor KT5720. **(A)** The cell migration was assessed by the transwell migration assay. **(B)** Cell proliferation was measured by the MTT assay. Data represent the means and SD of three independent experiments. \**p*\<0.01 vs. control untreated cells.](fig-4){#f4}

Discussion {#s016}
==========

Currently, new effective therapies are needed for the treatment of metastatic breast cancer.^[@B5],[@B6],[@B40],[@B41]^ Importantly, given the relevant role of leptin in breast cancer growth and metastasis, the leptin system has emerged as a new and promising therapeutic target for breast cancer.^[@B19]^

Actually, agents able to block leptin activity, including soluble leptin receptors that bind free circulating leptin, leptin antagonists that bind to but do not activate leptin receptors, and either specific anti-leptin receptors monoclonal antibodies that bind to the receptor preventing leptin signaling or anti-leptin antibodies, are in initial stages of development.^[@B42]^ However, novel strategies to suppress leptin signaling and counteract its biological effects are warranted.

Recently, we demonstrated that in MDA-MB-231 triple-negative breast cancer cells, intracellular cAMP elevation completely abrogates both ERK1/2 and STAT3 phosphorylation in response to leptin and, very surprisingly, provided evidence that when cAMP levels are increased, leptin drives cells towards apoptosis accompanied by a marked down-regulation of Bcl2 protein levels in a PKA-dependent manner.^[@B20],[@B21]^

To the best of our knowledge, the data presented in the current study provide the first evidence indicating a neutralization of leptin-induced biological effect simply by raising intracellular cAMP levels. Interestingly, we found a positive pharmacological interaction between leptin and cAMP-elevating compounds that allowed a reduction in the effective doses of cAMP-elevating drugs *in vitro*, thus potentially decreasing their undesirable side effects *in vivo*.^[@B23]^

The present study extends evidence of cAMP elevation as a simple way to neutralize leptin-induced biological effects in breast cancer cells. Specifically, here we report that cAMP-elevating agents relevantly inhibit some leptin-induced metastatic properties of MDA-MB-231 triple-negative human breast cancer cell line, a well-established and largely used model system of highly invasive breast cancer cells. We also found that the inhibition by cAMP-elevating agents of leptin-mediated cell migration is accompanied by a strong decrease of β3 integrin subunit and FAK protein levels.

Notably, the β3 integrin subunit is up-regulated and associated with a metastatic phenotype and increased motility in breast cancer cells, as well as in a variety of other cancer cells, such as melanoma, prostate carcinoma, and osteosarcoma.^[@B39],[@B43]--[@B45]^ Integrins modulate breast cancer migration and invasion in multiple ways via a range of signaling pathways. A common integrin signaling molecule is FAK, which has been suggested to play a significant role in tumor formation and metastasis.^[@B31]^ Remarkably, several pathological studies report FAK protein overexpression in cancers, including breast cancer.^[@B46]^ Furthermore, FAK overexpression correlates with more aggressive and invasive breast carcinomas, and it was recently shown that the FAK-encoding PTK2 gene is amplified in human breast cancer, with high levels of FAK mRNA expression predicting significantly shorter metastasis-free survival.^[@B46]--[@B48]^

Importantly, we demonstrate that the inhibition by cAMP elevation of leptin-induced cell migration of MDA-MB-231 cells is consistently accompanied by a dramatic decrease of β3 integrin subunit and FAK protein levels, suggesting that the metastatic potential of MDA-MB-231 cells would be strongly attenuated in response to cAMP elevation.

Initial investigation of the underlying molecular mechanisms indicated that the cAMP-induced inhibition of migration of MDA-MB-231 cells in response to leptin is dynamically accompanied by profound changes in phosphorylation status and protein levels of ERK1/2 and STAT3. The Ras/Raf/Erk signaling pathway is relevant and frequently activated in breast cancer.^[@B49]^ A blockade of such a signaling pathway is considered a relevant strategy for therapeutic intervention.^[@B50]^ Importantly, we found that treatment with cAMP-elevating agents completely abrogated ERK1/2 phosphorylation in response to leptin, resulting in a prolonged inhibition of Erk1/2 phosphorylation (without significant change in the total amount of ERK1/2 protein).

On the other hand, multiple lines of evidence place STAT3 at a central node in the development, progression, and maintenance of many human tumors, including breast cancer, and STAT3 has been validated as an anticancer target in several contexts.^[@B51]^ Most of the major human malignancies, including breast cancer, manifest elevated levels of constitutively activated STAT3 as well as transcriptional profiles that are consistent with STAT3-regulated gene expression.^[@B52]^ Recently, approaches that have been pursued to target STAT3 for developing anticancer drugs that might therapeutically inhibit the STAT3 signaling pathway have been straighforwardly reviewed.^[@B53]^ Importantly, we found that exposure of MDA-MB-231 cells to cAMP resulted in an initial inhibition of phosphorylation of STAT3 in response to leptin (up to 10 h of treatment), followed by a decrease of STAT3 protein abundance with an increase of its phosphorylation as a late effect (at 24 h of treatment).

Our data suggest that cAMP elevation strongly inhibits migration of MDA-MB-231 cells in response to leptin, possibly through inhibition of ERK1/2 and Stat3 signaling pathways within the tumor cells themselves. The detailed molecular mechanism underlying this growth inhibition by cAMP is just starting to be investigated and interplay between these pathways (and possibly others) is very likely implicated in the observed inhibition of migration of MDA-MB-231 cells.

Whatever the exact mechanism(s) here, we report that cAMP elevation acts as a potent inhibitor of some leptin-induced metastatic properties of MDA-MB-231 highly aggressive breast cancer cells.

It is largely known that cAMP is involved in cell migration, including that of breast cancer cells, with an important role played mainly by cAMP-dependent PKA.^[@B29],[@B33]--[@B36]^ cAMP/PKA has been reported to have positive and negative effects on migration of different cell types, very likely depending on the spatial-temporal distribution and activation of cAMP/PKA itself.

Notably, we provided evidence that treatment with cAMP-elevating agents, resulting in a blocking of leptin-induced migration of MDA-MB-231 cells, strongly lowers protein levels of both regulatory RIα and catalytic subunits of PKA and consistently reduces CREB phosphorylation. Our data are consistent with a promigratory role of PKA in such cells. Accordingly, KT5720 and/or H89 PKA inhibitors antagonize the inhibition by cAMP elevation of leptin-induced migration, although not completely, suggesting that other cAMP-dependent, but PKA-independent mechanisms are very likely involved. In agreement with this hypothesis, we found that a cAMP analogue which specifically activates Epac and not PKA has an inhibitory effect on leptin-induced cell migration as well. Further and more exhaustive studies are warranted to better investigate the role of cAMP-dependent molecular mechanisms in the inhibition by cAMP elevation of leptin-induced migration.

Collectively, here we demonstrate that a cAMP increase strongly inhibits leptin-induced migration of MDA-MB-231 cells. This phenomenon is accompanied by a strong decrease of levels of β3 integrin subunit and FAK prometastatic proteins and is preceded by an inhibition of pro-proliferative and prometastatic ERK1/2 and STAT3 signaling pathways.

New effective therapies are needed for the treatment of metastatic breast cancer. The leptin system has emerged as a new and promising therapeutic target for breast cancer. The present study confirms initial evidence for the efficacy of cAMP elevation against the oncogenic effects of leptin and suggests that raising intracellular cAMP levels might inhibit breast cancer metastasis triggered by high leptin levels.
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